Abstract-We show a 10 fold reduction in an electrooptic modulator's half-wave voltage by employing modulation instability. Experimental results are reported up to 50 GHz.
I. INTRODUCTION
Modulation instability (MI) is a nonlinear physical process whereby tiny disturbances spontaneously grow on an otherwise quiet background [1] . Past works were successful in harnessing MI to stimulate optical rogue waves and improve supercontinuum generation [2, 3] . Motivated by these successes it has been numerically shown that the MI process is readily stimulated by electrooptic (EO) modulation sidebands [4] . The result is a drastic reduction in required modulation voltage for intensity modulated analog and RZ signals [4] . This paper presents for the first time experimental demonstration of this technique with quantitative comparison to traditional EO modulators.
The electrooptic modulator is the bridge that connects electronic computing with optical data communication. The high drive voltage of today's electrooptic modulators is incompatible with the fundamental trend toward lowvoltages in modern CMOS electronics. Traditional electrooptic modulator performance is frustrated by the tradeoff between low-voltage and high-frequency. Indeed, modulators capable of simultaneous low-voltage and highfrequency operation remains elusive.
This paper demonstrates that a modulation instability stage inserted after the device reduces the required drive voltage by amplifying the modulation sideband at the expense of the carrier thereby lowering the half-wave voltage (Vpi) by a dramatic amount.
II. PRINCIPLE AND EXPERIMENTAL SETUP
The operational principle is shown in figure 1(a) . The modulation instability gain shape (red line) is given by E is the second-order dispersion coefficient, J is the Kerr nonlinear coefficient, P is the optical power, and Z is the radio frequency (RF). The gain shape can be adjusted to compensate the EO modulator's roll-off by choosing the correct combination of the above coefficients, ultimately enabling low-voltage high-frequency modulation, c.f. fig. 1 (b). In this paper the RF frequency is instrument limited to 50 GHz, however, the large and tunable bandwidth of MI ( > 10 THz [1] ) can be extended well beyond the bandwidths presented here. The experimental setup is shown in figure 2 . A tunable laser diode at 1550 nm feeds an isolator protected EDFA, the output of which is polarization aligned with a phase modulator that is overdriven by a 2.5 GHz noise source for stimulated Brillouin scattering (SBS) suppression. The SBS suppressed carrier is polarization aligned with an EOSpace 20 GHz Mach-Zehnder modulator, model number AZ-1x2-0K1-20-PFU-SFU, having a half-wave voltage of 4.5 volts at 1 GHz. The amplitude modulator is driven by an HP 83650B synthesizer at RF frequencies from 10 to 50 GHz with 2.5 GHz granularity. The RF output power is kept constant at 1 mW. The modulated waveform is amplified by an isolator protected EDFA, variably attenuated, boosted by the highly-nonlinear fiber, and detected by an optical spectrum analyzer. At 1550 nm the HNLF is described by the following coefficients: D = 1 dB/km, 2 E = -10.9 . A circulator and various power monitors are used to precisely control the power before entering the HNLF and to monitor SBS suppression. SBS suppression was successful as indicated by the observed linear dependence of reflected power vs. launch power [5] . Suppression of SBS ensures observed modulation enhancement is due to MI as desired. All power levels reported are with respect to PM_2, the power meter immediately preceding the HNLF, which is set manually by adjusting the variable attenuator in PM_1/ATTN. The power entering the HNLF was set to { 1, 50, 100, 150, 200 } mW and a computer was used to synchronously sweep the RF frequency and to grab OSA traces.
III. RESULTS AND DISCUSSION
The experimental OSA traces are shown in figure 3 . The drawn to scale insert shows the modulation envelope of the RF sideband at 1 mW carrier power and at 200 mW carrier power. Spectra are carrier normalized to permit comparison of the modulation depth. Notice the improved modulation depth with respect to the carrier and the improved flatness in the 200 mW case. The effective half-wave voltage was determined by numerically varying both the simulated laser power and the simulated half-wave voltage until the error between the experimental and simulated OSA traces was minimized. Figure 4 shows the effective half-wave voltage of the boosted modulator as a function of RF frequency and carrier power. For carrier power of 200 mW the half-wave voltage is reduced by more than 5-fold at 10 GHz and by 10-fold at 50 GHz. Future work must consider the impact of modulation instability on the noise floor of the communication link.
In summary, it was experimentally demonstrated that modulation instability can be exploited to enable low-voltage high-frequency electrooptic modulation. The demonstration resulted in a 10-fold reduction of the effective half-wave voltage V S at 50 GHz.
